Background: Subsequent nights with partial sleep restriction result in impaired glucose tolerance, but the effects on insulin sensitivity have not been characterized.
S
leep plays a key role in the homeostasis of normal glucose metabolism (1, 2) . In physiological circumstances, glucose metabolism shows a diurnal pattern with intraindividual variations in glucose tolerance: glucose utilization is highest during wake and lowest during nonrapid eye movement (REM) sleep (3) .
Reductions in sleep duration result in impaired glucose tolerance. Epidemiological studies documented a strong association between partial sleep restriction and impaired glucose tolerance (4 -6) . In accordance with these findings, experimental studies showed that sleep restriction to only 4 h of sleep during two or more nights reduced glu-cose tolerance by 40% and reduced the acute insulin response to glucose in healthy subjects by 30% (7, 8) . However, the effects of only a single night of partial sleep restriction on insulin sensitivity are unknown. Moreover, previous studies did not include the assessment of insulin sensitivity by the hyperinsulinemic euglycemic clamp method, which is considered to be the gold standard for measurement of insulin sensitivity.
We hypothesized that even a single night of partial sleep deprivation might induce insulin resistance in healthy subjects. Therefore, we compared the effects of a single night of partial sleep restriction and of a night of normal sleep duration on hepatic and peripheral insulin sensitivity in hyperinsulinemic euglycemic clamp conditions combined with tracer dilution of [6,6- 2 H 2 ]glucose.
Subjects and Methods

Subjects
Nine healthy lean subjects (five men and four women) were recruited by advertisement. Their weight had been stable for at least 3 months before participation in this study. Subjects were instructed not to alter lifestyle habits during the whole study period. All premenopausal women were studied in the follicular phase of their menstrual cycle.
Exclusion criteria were a body mass index greater than 26 kg/m 2 , sleep disorders, habitual sleep duration of less than 6 h or more than 9 h, psychiatric disorders, and use of sleep medication or of medication affecting glucose metabolism.
The study was approved by the medical ethical committee of Leiden University Medical Center, and written informed consent was obtained from all subjects before the study.
Study design
Actigraphy (Actiwatch AW7; Cambridge Neurotechnology, Cambridge, UK) was performed to objectively measure habitual sleep duration during 7 d before the actual study, including one weekend. In addition, self-reported sleep duration and sleep quality were assessed using validated questionnaires (Pittsburgh Sleep Quality Index, Epworth Sleepiness Scale, and Berlin Questionnaire) (9 -11) .
The subjects were studied on 3 d, separated by intervals of at least 3 wk. Subjects kept a detailed diary of their diet and physical activity for 3 d before each study day and were asked to maintain a standardized schedule of bedtimes and mealtimes in accordance with their usual habits. They were admitted to our clinical research center the night before each study day, and spent 8.5 h in bed from 2300 to 0730 h on all three occasions. Subjects fasted throughout these nights from 2200 h. The first study day was included to let the subjects become accustomed to sleeping in our clinical research center. Subjects were randomly assigned to sleep deprivation on either the second (n ϭ 4) or third (n ϭ 5) occasion.
During the night of sleep restriction, subjects spent 8.5 h in bed but were only allowed to sleep from 0100 to 0500 h. They were allowed to read or watch movies in an upward position during the awake hours, and their wakefulness was monitored and assured if necessary.
The rationale for essentially broken sleep deprivation from 2300 to 0100 h and from 0500 to 0730 h, as opposed to sleep deprivation from 2300 to 0300 h or from 0300 to 0730 h, was that in both conditions, the time in bed was centered at the same time, i.e. approximately 0300 h. Slow-wave sleep (i.e. stage III of non-REM sleep) is thought to play the most important role in metabolic, hormonal, and neurophysiological changes during sleep. Slow-wave sleep mainly occurs during the first part of the night, whereas REM sleep predominantly occurs during the latter part of the night (12) . We used broken sleep deprivation to achieve a more equal compression of both non-REM and REM sleep stages. Moreover, we used the same experimental conditions for partial sleep deprivation as previously used in other studies (7, 13) to enable comparison of the results.
Polysomnography
Sleep recordings were performed using a portable polysomnography recorder (Titanium; Embla Systems, Inc., Broomfield, CO). Sleep was visually scored for each of the three nights according to the guidelines of the American Association of Sleep Medicine (14) . For this study, the duration of wake, stage I, II, III, and REM sleep was noted. Total sleep duration was the sum of sleep stages I, II, III, and REM.
Hyperinsulinemic euglycemic clamp studies
Hyperinsulinemic euglycemic clamp studies were performed the day after the second and third nights. After an overnight fast, a catheter was inserted into an antecubital vein for infusion of isotopes, glucose, and insulin, and a sampling catheter was inserted into a dorsal hand vein of the contralateral arm. For all blood samples, the heated hand technique was used to obtain arterialized blood (15) . A primed (17.6 mol ⅐ kg Ϫ1 ), continuous (0.22 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 ) infusion of [6,6-2 H 2 ]glucose (Cambridge Isotope Laboratory, Andover, MA) was started at 0830 h, both after the night of normal sleep duration and after the night of partial sleep deprivation, after basal blood samples had been taken for determination of background glucose enrichment. Labeled glucose was infused by a Pilot C syringe pump (Fresenius Vial; Fresenius Kabi, Brezins, France). Blood samples were obtained after 160, 170, and 180 min of [6,6-2 H 2 ]glucose infusion for assessment of glucose kinetics in the basal state and concentrations of glucose, insulin, and plasma nonesterified fatty acids (NEFA).
Subsequently, infusion of insulin was started, using the method of DeFronzo et al. (16) while the infusion of [6, H 2 ]glucose continued. Briefly, the infusion of insulin consisted of a primed (80 mU ⅐ m Ϫ2 ⅐ min Ϫ1 for 5 min and subsequently 40 mU ⅐ m Ϫ2 ⅐ min Ϫ1 for 5 min), followed by continuous (20 mU ⅐ m Ϫ2 ⅐ min Ϫ1 ) infusion of insulin (Actrapid; Novo Nordisk, Alphen a/d Rijn, The Netherlands), dissolved in sterile NaCl 0.9%, using a Pilot C syringe pump. A variable infusion of glucose 20% enriched with 3% [6,6-2 H 2 ]glucose was started 4 min after the start of insulin infusion. Plasma glucose concentrations were measured at intervals of 5 min with a bedside calibrated glucose analyzer (Accu-Chek; Roche, Mannheim, Germany) and the infusion rate of glucose 20% was adjusted to keep the plasma glucose levels constant at 5.0 mmol/liter during the clamp study. Blood samples were obtained after 160, 170, and 180 min of combined insulin and [6,6-2 H 2 ]glucose infusion for assessment of glucose kinetics and of concentrations of glucose, insulin, and plasma NEFA.
Assays
Serum concentrations of glucose were measured using a fully automated Modular P 800 analyzer (Roche/Hitachi, Mannheim, Germany) with intraassay variations of 1%. Serum insulin concentrations were measured by enzyme-labeled chemiluminescent immunometric assay (Immulite 2500; Siemens, Munich, Germany) with an intraassay coefficient of variation (CV) of 4%. Cortisol was analyzed on a Modular E-170 immunoanalyzer of Roche Diagnostics (Mannheim, Germany). Intra-and interassay CV were less than 5% at all measured levels. Glucagon was analyzed using an immunoradiometric assay of Millipore (Billerica, MA; formerly known as Linco) with a functional sensitivity of 20 pg/ml. Intraassay CV was less than 12%, and interassay CV was less than 15%. NEFA were determined spectrophotometrically by enzymatic colorimetric acyl-coenzyme A synthase/acyl-coenzyme A oxidase assay (WAKO Chemicals, Neuss, Germany) with intraassay CV of 2.7%. Enrichment of plasma [6, H 2 ]glucose was determined in a single analytical run using gas chromatography coupled to mass spectrometry, as described previously (17) . All isotope enrichments were measured on a gas chromatograph mass spectrometer (model 6890/5973; Hewlett-Packard, Palo Alto, CA).
Calculations
An isotopic steady state was achieved during the final 30 min of the basal period and the final 30 min of the hyperinsulinemic clamp study. Therefore, the rates of appearance (Ra) and disappearance (Rd) of glucose were calculated as the tracer infusion rates divided by the tracer-to-tracee ratios (18) . Endogenous glucose production during the basal steady state is equal to Ra of glucose, whereas endogenous glucose production during the hyperinsulinemic clamp study was calculated as the difference between Ra and the glucose infusion rates.
Statistical analysis
Data are presented as mean Ϯ SEM. Differences between the effects of the night of normal sleep duration and sleep restriction were analyzed by Student's t test for paired samples. All analyses were performed using SPSS for Windows version 16.0 (SPSS, Chicago, IL). Significance was accepted at P Ͻ 0.05.
Results
Clinical characteristics
Mean age of the subjects (five men
19).
The effects of partial sleep restriction on polysomnographic parameters (Table 1) Measured sleep duration was considerably shorter in the night with partial sleep restriction, compared with the night with normal sleep duration (P Ͻ 0.001). The proportion of stage III sleep was higher in the sleep-deprived night (P ϭ 0.007), whereas the subjects had relatively less stage II sleep (P ϭ 0.006). The percentages of REM sleep and wake time during sleep did not differ significantly between nights. The effects of partial sleep restriction on basal metabolic parameters (Table 1) Compared with normal sleep, partial sleep deprivation did not alter basal levels of glucose, NEFA, insulin, glucagon, or cortisol measured the following morning. In addition, sleep restriction did not affect basal endogenous glucose production assessed by primed, continuous infusion of [6, H 2 ]glucose.
The effects of partial sleep restriction on metabolic parameters during hyperinsulinemic euglycemic clamp conditions (Table 1 and Figure 1)
Steady-state glucose and insulin levels did not differ between the two clamp studies. Sleep restriction resulted in an increase of endogenous glucose production of approximately 22% (P ϭ 0.017) during the clamp conditions, indicating hepatic insulin resistance. In addition, sleep restriction decreased the rate of glucose disposal (Rd) during the clamp by approximately 20% (P ϭ 0.009), reflecting decreased peripheral insulin sensitivity. Accordingly, the rate of infusion of glucose, necessary to maintain plasma glucose levels during the hyperinsulinemic clamp study, was approximately 25% lower after the night of reduced sleep duration than after the night of normal sleep duration (P ϭ 0.001). Finally, the night of partial sleep restriction induced an increase of approximately 19% in plasma NEFA levels (P ϭ 0.005) during the clamp study, indicating decreased insulin sensitivity of lipolysis. There were no differences in glucagon or cortisol levels between the steady-state conditions of both clamp studies.
Discussion
The aim of the present study was to assess the effects of partial sleep deprivation during a single night on insulin sensitivity in healthy subjects. The results indicate that partial sleep restriction during only a single night reduces insulin sensitivity by 19 -25% of hepatic and peripheral glucose metabolism, as well as of peripheral lipolysis, reflected by NEFA levels. Therefore, a single night of sleep restriction to 4 h induces insulin resistance of multiple metabolic pathways in healthy subjects.
The results of the present study stress the importance of sleep duration as a physiological determinant for insulin sensitivity. The study is unique in several ways. First, the finding that a single night of shortened sleep is sufficient to reduce insulin sensitivity in healthy men and women is novel. Second, this is the first study detailing the effects of sleep restriction on parameters of insulin sensitivity documented during hyperinsulinemic euglycemic clamp conditions with isotope dilution of a glucose tracer. Third, we document that insulin sensitivity is reduced in different metabolic pathways, i.e. endogenous glucose production, glucose uptake, and lipolysis.
The current study extends the observations of previous experimental studies on the effects of sleep deprivation on glucose metabolism, summarized in Table 2 . These studies covered a range of sleep deprivation between 1 h of restriction of sleep during multiple subsequent nights, restriction to 4 h of sleep during subsequent nights, and finally complete deprivation of sleep. There was no significant effect on glucose tolerance if sleep was reduced by only 1 h (19). More severe restriction of sleep duration to 4 h per night during multiple subsequent nights resulted in decreased glucose tolerance (7, 20) . Total sleep deprivation also decreased glucose tolerance (21, 22) . Apparently, there is a threshold of a minimum duration of sleep, which is required for maintenance of normal glucose tolerance. Moreover, based on our findings after only a single night of partial sleep deprivation, it is tempting to speculate that the negative effects of multiple nights of partial sleep restriction on glucose tolerance can be reproduced, at least in part, by only a single night of sleep deprivation.
FIG. 1.
A, Individual values obtained during steady state of the hyperinsulinemic euglycemic clamp studies of NEFA; B, endogenous glucose production; C, glucose disposal rate; D, the glucose infusion rate after a night of normal sleep duration versus after a night of partial sleep deprivation in healthy subjects (n ϭ 9). Black horizontal lines represent the mean of the values of 9 subjects. There were significant differences (P Ͻ 0.05) for all these parameters after partial sleep deprivation.
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Our data also indicate that insulin sensitivity is not fixed in healthy subjects, but, rather, depends on the duration of sleep in the preceding night. These observations extend previous studies that documented consistent effects of short-term variations in dietary macronutrient composition, dietary caloric content, and short-term fasting on insulin sensitivity in healthy subjects (17, 23, 24) . Other studies have indicated effects of exercise in preceding days on insulin sensitivity (25) . Therefore, environmental factors including previous sleep duration, exercise, dietary macronutrient composition, and content modulate insulin sensitivity in healthy subjects.
The current study was aimed at assessing the effects of a single night of sleep deprivation on parameters of insulin sensitivity. Unfortunately, the study was not designed to elucidate the underlying mechanisms of this effect of partial sleep deprivation. We observed no effects of partial sleep deprivation on cortisol and glucagon levels. Schmid et al. (26) documented that a single night of sleep restriction to 4.5 h reduced basal plasma glucagon and cortisol levels the following morning but did not affect basal glucose, insulin, Cpeptide epinephrine, norepinephrine, or GH levels. Apparently, endocrine changes after a single night of partial sleep deprivation do not provide a simple explanation for the induction of insulin resistance. Spiegel et al. (7) documented that subsequent nights of partial sleep deprivation increased cortisol levels during 24 h, whereas Nedeltcheva et al. (20) did not find a major effect on cortisol levels. Nedeltcheva et al. documented that prolonged partial sleep deprivation induced a modest increase in 24-h epinephrine and nighttime norepinephrine levels. In accordance, Irwin et al. (27) documented that plasma levels of epinephrine increased in association with nocturnal awakening. Therefore, sequential nights of partial sleep deprivation induce modest changes in endocrine homeostasis and in glucose tolerance, but the relation between these phenomena is uncertain. Alternatively, it is possible that partial sleep deprivation decreases insulin sensitivity by altering the activity of the autonomous nervous system. However, this is a difficult area of investigation. Previous studies have documented an increased sympathetic tone derived from recordings of heart rate variability after sleep deprivation for a single night or consecutive nights (13, 28) . However, it is not known to what extent partial sleep loss induces comparable increases in sympathetic activity at all peripheral sites. Consequently, the relationship between elevated sympathovagal balance at the level of the heart and the sympathetic outflow to liver, muscles, and adipose tissue is uncertain (13) .
What are the implications of the present observations? Sleep duration has shortened considerably in Western societies in the past decades (5, 29) . Simultaneously, there has been an increase in the prevalence of insulin resistance and type 2 diabetes. The current study and others (Table  2) indicate that shortened sleep duration is a factor that contributes to glucose intolerance and, even after a single night, to insulin resistance. It is also tempting to speculate to what extent variations in sleep duration may be involved in the intraindividual variations in glucose levels that are present especially in patients with type 1 diabetes. At present, it is unclear whether interventions aimed at optimization of sleep duration may be beneficial in stabilizing glucose levels in patients with diabetes.
In conclusion, the present study indicates that partial sleep restriction, even during a single night, decreases insulin sensitivity of multiple metabolic pathways in healthy subjects.
